The conference aims to bring together physicists, engineers, entrepreneurs and science and technology administrators from developing countries to confront developmental problems and strategize bridging the gap between knowledge generation and the industrial process.
Introduction:There's Plenty of Room at the Bottom
The notion of micromachines made up of miniature gears and motors may seem like a fairy tale. In 1959, Richard Feynman delivered a lecture entitled "There's Plenty of Room at the Bottom," 1 a bold prediction of what was to come in the future, where one could fit the entire Encyclopaedia Britannica onto the head of a pin or use ions focused through a microscope lens in reverse to etch away silica to create patterns on a submicron scale. In retrospect, Feynman's hypotheses were amazingly accurate. He was describing the techniques of microlithography and the manipulation of atoms by scanning tunneling electron microscopy, methods that are commonplace today. Advances in biochemistry have revealed the enormous complexity of "simple" organisms, leading one to conclude that "micromachines" (of a complexity that a visionary giant such as Feynman had foreseen) have long been operating quite happily without any assistance from chemists! The Holy Grail of micromachines is a device that can accurately mimic the complex processes of living organisms. Nanotechnology, MEMS (microelectromechanical systems), and molecular selfassembly are small steps in that direction. MEMS devices are micron-sized machines that move, flip, bend, or undergo other mechanical transformations. Two approaches may be envisaged for making devices on a continually shrinking length scale: the top-down approach and the bottom-up approach. Let's begin with the top-down approach: What are the limits? What are the smallest features that we can create using mechanical and optical processes?
Continually Shrinking Length Scales
Feynman's concept of a top-down approach was to build the smallest pair of hands possible and then use those hands to build even smaller features. In this approach, a size reduction of about 400ϫ would take a human being to the scale of an ant (from 1.75 m to 4 mm). A second similar reduction (from 4 m to 11 m) would take one to the size of a bacterium, while a third reduction (from 11 m to 27 nm) would take one to the probable limit of lithography. Although this is an intriguing and ingenious approach, another approach has proven to be more readily accessible. Figure 1 compares the length scales under consideration, along with the accessible wavelengths of light. Even in 1959, photography had made enormous strides in resolution, and this really paved the way for Feynman's "magic hands."
The Role of Photography
A typical color photograph contains 35 Mbits of information. Photographic film consists of silver halide crystals dispersed in a gelatin emulsion. When exposed to light, the silver halide grains create a latent image on the exposed emulsion. The film is developed by treating it with various reducing agents to reduce the exposed silver ions to elemental silver, resulting in the formation of a negative image. The resolution of the images created via the photographic emulsion is affected by the grain size of the silver halide crystals. 2 The smallest grains, used in high-resolution films, are roughly 0.05 m in diameter. The crystals act as nucleation sites during the development process. The lateral dimensions of the smallest features generated by photography are of the order of 5 m. 3 In one step, then, one can jump two Feynman reductions!
The Manufacture of Integrated Circuits
In the semiconductor industry, the dominant method used in the manufac-
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Peter Kazmaier and Naveen Chopra ture of integrated circuits is projection photolithography. 4 In this process, lenses between the mask and substrate allow a demagnified image of the mask to be projected onto the silicon-wafer substrate. This process allows the formation of features as small as 250 nm. Among other factors, such as lens aperture and processing, the resolution limits are constrained by the wavelength of light used. Production of tinier features is not straightforward, as using wavelengths of light shorter than 250 nm can cause damage to the mask. Moreover, photolithography also is expensive, it suffers from the inherent difficulty in forming three-dimensional features, and it is usually limited to semiconductor materials such as silicon or germanium. This is an area that has received great attention as technology over the past three decades has advanced at a rate predicted by Moore's law (which states that the number of transistors in an integrated circuit will double every 18 months). 5 Advances in lithography have allowed this trend to continue; however, the 100-nm barrier will eventually be reached, and alternative approaches will have to be explored. 6 
Growing the World of Micromachines
In contrast to the top-down approach represented by microlithography stands the bottom-up approach of self-assembly. In the intricate world of living organisms, all structures and functions are constructed in this bottom-up approach.
A Biological Micromachine
The tiny flagella that power the motion of bacteria are remarkable mechanisms. 7 These miniature motors consist of helical filaments driven at their base by a reversible rotary "engine" anchored in the cytoplasm of the cell wall. At the heart of the motor is a mechanoenzyme driven by a transmembrane potential gradient of ions. A flagellum consists of three distinct parts: the long helical filament, a curved hook region, and a basal structure composed of four rings stacked onto a rod ( Figure 2 ). The filament is a polymer of a single protein called flagellin. The flagellin monomers are bundled in 11 fibrils of nonequivalent lengths, resulting in a helical structure. The hook is a rigid, tightly curved helix, and the basal body contains several protein subunits whose contents are not entirely known. Two key components that have been identified are the MotA protein, which is believed to catalyze the proton transfer, and the MotB protein, which is a linker that anchors the torque-generating assembly to the cell wall. Gaining a more complete understanding of the subcomponent proteins may allow us one day to create such a motor in the lab.
Self-Assembly and Supramolecular Chemistry
Self-assembly is the spontaneous construction of a finite number of subunits to create a highly ordered and complex structure. 8 The "blueprint" for the final structure is often predesigned by the complementarity of the subunit building blocks. Self-assembly is a thermodynamic process, and the reversible nature of the interactions provides a "self-checking" process that ensures the high integrity of the completed structure. The formation of a folded protein is a good example of selfassembly, where the subunits are amino acid molecules. The sequence of the amino acids in the backbone plays a key role in governing the topology of the final state (protein). The design, synthesis, and study of self-assembling molecular systems have created a relatively new discipline called supramolecular chemistry; that is, the chemistry of molecules held together by noncovalent interactions (hydrogen bonds, van der Waals forces, hydrophobic interactions, and electrostatic interactions). This chemistry is described as "beyond the molecule" by Lehn. 9 A well-known example of a selfassembling system in nature is the tobacco mosaic virus (TMV).
10 This rod-shaped particle is roughly 3000 Å long and 180 Å in diameter and is composed of over 2000 coat-protein subunits arranged into a right-handed helix conformation. Running along the core of a TMV is a single strand of RNA. Under appropriate pH and ionic strength, the coat proteins (so named because they form a coat around the internal phase of the virus) aggregate to form small "lock-washer" helices known as protohelices. These protohelices specifically interact with the nucleotides of the RNA strand to drive the self-assembly of the final virus. In the absence of RNA, rapid assembly of the coat proteins (initiated by sharp changes in pH) causes the formation of a "nicked," incomplete helix, which, over a few hours' time, anneals to form continuous helical protein rods, as shown in Figure 3 .
Artificial Machines Made in the Lab
Artificial Membrane Channels. Can analogues of some of these living structures be constructed? Tubes and channels are ubiquitous in living systems. Constructed from various proteins, these conduits are responsible for numerous biological functions such as ion flow, signal transduction, and molecular transport. Ghadiri and coworkers have reported the formation of artificial transmembrane ion channels constructed from cyclic peptide structures containing alternating D-and L-amino acids. 11 These cyclic subunits adopt a flat ring conformation, allowing them to stack on top of one another to form a hydrogenbonded, hollow tubular structure (Figure 4) . The rings are composed of the eight-residue cyclic peptide cyclo[-(Trp-DLeu) 3 -Gln-D-Leu-], with a pore diameter of ϳ7.5 Å. Self-assembly drives the stacking of the cyclic peptide rings. The microtubules were incorporated into lipid bilayers by mixing the peptide subunit with an aqueous liposomal suspension. Evidence for the incorporation of the channels was based on absorption and fluorescence spectroscopy. Specifically, the N-H and amide resonances observed by Fourier transform infrared (FTIR) spectroscopy were consistent with a tight hydrogen-bonded structure. The collapse of an imposed pH gradient in the vesicles, leading to fluorescence of a pH-sensitive dye, was also observed, demonstrating the proton transport capabilities of these channels. These synthetic tubules demonstrated ion-transport activity with rates exceeding 107 ions/s, comparable to biological channels such as gramicidin A.
Carbon Nanotubes. Following on the heels of the boom in C 60 fullerene research came the discovery of carbon nanotubes. First reported by Iijima in 1991, 12 these fibers have been the subject of intense study. Cylindrical nanostructures are created by the electric arc discharge method used to make C 60 , but their formation involves the participation of a transition metal (usually Co or Ni), which plays a role in keeping the growing tip of the nanotube open. The structure of nanotubes consists of rolled-up graphite sheets capped with curved graphite dome regions, where the insertion of a pentagon creates a defect inducing the necessary curvature to close. Various degrees of helicity can exist, and it is predicted that these fibers can behave as either semiconductors or conductors, depending on the tube diameter or degree of helicity ( Figure 5 ).
The nanotubes are also believed to have incredible mechanical properties, such as very high strength-to-weight ratios and unusual thermal and capillary properties. They have been described as the ultimate fiber: tubes can be bent and buckled, but they will spring back to their original shape without any damage. This likely is due to the stability imparted by the graphitic nature of the tube, as well as the ability to undergo reversible rehybridization from sp 2 to sp 3 when the bonds are bent out of plane. The tubes may be opened up at the ends with HNO 3 and filled with metals, possibly leading to hybrid materials with novel electrical properties. Current limitations involve the large-scale production of defect-free, aligned nanotubes.
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Artificial Muscles. Another example of self-assembly analogues of biological systems is found in the work on artificial muscle tissue. Baughman and co-workers at AlliedSignal have demonstrated that carbon nanotubes can function as actuators akin to artificial muscles. 14 In their experiment, two thin films of "buckypaper" (bundled single-walled nanotubes) were stuck to double-sided Scotch tape and immersed into a 1 M NaCl electrolyte; dc voltage was then applied between the two strips. Charge transfer occurs between the two strips, where the injection of positive charge leads to an expansion of the tubes, causing the strip to bend because of quantum chemical and electrostatic effects ( Figure 6 ). Small strips of buckypaper (3 mm ϫ 20 mm, 25-50 m thick) were used, operating voltages were as low as only a few volts, and large degrees of deflection were observed (up to 1 cm at the tip). The bundled structure of these nanotube sheet actuators is reminiscent of natural muscle fibers and could someday be used in the field of robotics or synthetic actuators.
Examples of Artificial Data Devices Made in the Lab
So far, all of our examples have been devoted to micromechanical devices. Transport and implementation of information are essential to the function and propagation of living organisms. Can these information systems also be mimed by self-assembly?
The Tiniest Writing Via Self-Assembled Monolayers. Imagine a pen capable of writing with the ultimate nib, a tip so fine that the line produced would be of the order of several molecules wide. Examples of such fine writing are being demonstrated in the lab using long-chain aliphatic molecules capped with thiol groups, which readily form monolayers on gold surfaces. This chemisorption phenomenon has been used with great success by Whitesides' group in a technique known as microcontact printing, 15 where an elastomer stamp loaded with the patterned thiol molecules is pressed onto a gold substrate.
Using similar techniques, researchers have recently described a technique they call dip-pen nanolithography (DPN) to pattern monolayers of various organic molecules with linewidths as small as 30 nm (5-nm resolution) onto gold thin films. 16 An atomic force microscope (AFM) tip is dipped into a solution of 1-octadecanethiol (ODT) "ink," coating the tip with thiol molecules. The wetted tip of the AFM is brought into contact with the gold film, and capillary action draws the ODT solution onto the gold substrate ( Figure 7 ). Lines were examined by lateral force microscopy to determine the patterns created. Generally, it was found that the line resolution was highly dependent on the relative humidity during ink deposition (higher humidity causes faster deposition) and the nature of the substrate (a coarser Au grain size leads to rougher-edged lines). This nanolithographic technique has several advantages over traditional techniques, including lower cost, ease of production, and elimination of the need for the sophisticated equipment used in lithography and embossing (stamps, masters, masks, etc.), methods which rely on a resist, a stamp, and etching processes to remove unwanted materials.
Organic Electronic Devices. The need for smaller and faster electronic components is a key driving force in the quest for miniaturization. The physical barriers that inhibit the performance of silicon-based chips are fast being approached, leading researchers toward the development of organic molecules to create even smaller and potentially faster circuits. Stoddart and co-workers have used redox-active molecules called rotaxanes to create molecular switches that can behave as AND and OR logic gate devices. 17 The rotaxane molecules consist of two parts: a dumbbell-shaped chain and a macrocyclic ring mechanically threaded (and trapped) onto the dumbbell. The dumbbell component consists of charged bipyridinium units, and the ring is composed of crown ether units (Figure 8) . The rotaxane molecules are laid down as a monolayer and sandwiched between metal and metal oxide electrodes, and these devices are wired together to create AND and OR logic gates. Current flow takes place via tunneling into the molecular electronic states of the rotaxanes. Input of an electrical signal oxidizes the rotaxane molecules, causing a conformational change that leads to an increase in the circuit's resistance. Effectively, the rotaxane molecules are behaving as a switch. The opening of the switch (oxidation of the rotaxane) is irreversible, and the difference in resistance between open and closed states is easily discernible (varying by a factor of 15-30).
Bridging the Gap: Developing a Wish List for Self-Assembling Materials
We have identified two general trends. The first represents a top-down approach, where technology and the control of it become more difficult as the size regime shrinks. The control is direct, in the sense that control signals connect our macroscopic world with its microscopic counterpart. In the complementary bottom-up fabrication approach, the control is chemical, and the complexity of structural assembly scales with size; problems, particularly of entropy, increase as the size and flexibility of the building blocks increase.
We are trying to bridge the gap between the two domain scales: We want the ultimate resolution that molecules can offer, and we wish to be able to exert the degree of control afforded by traditional lithographic techniques. We can't really control bacteria, but we can exert programming control down to the chip level. A disconnect still exists between the chip and the bacterium. How does one really bring the world of chemistry and MEMS together?
Solutions for Building the "Bridge"
One can think of a few possibilities. Reprogramming the bacterium would be one option. This is already being done through site-specific mutagenesis of DNA and the use of non-natural proteins. Even if one were able to prove that control at this level is possible, that still leaves the question of whether we should risk intervening at this level. Aside from ethical and moral implications, there is another problem with this approach from a device perspective.
It may appear at first glance that control does exist at the level of the bacterium and that this control can be harnessed. However, when one is looking at the world of devices, one needs to exert control at the macroscopic level. This kind of control cannot readily be exerted through the biochemical control systems of a bacterium, even if one could manage the enormous complexity.
In summary, if one were to envision a bacterium as part of a device or control system, one would need to insert into the bacterium an even smaller transducer that would, in some fashion, translate the world of chemical signals (bacterium) into electrical signals (macroscopic world). The magnitude of this task on such small length scales seems to be an endeavor well beyond our current abilities on all but the most superficial levels.
The Hybrid Device
The challenge before us is the problem of bringing together the top-down technology of microlithography, chips, and MEMS, and joining or combining it with the bottom-up world of molecular selfassembly and biofragments. Clearly, if self-assembly could be induced to act at the limit of microlithography, new structures and devices could result. MEMS and Self-Assembly. So far, selfassembly examples have been described, where molecules come together through noncovalent interactions. In a clever series of experiments, Whitesides and coworkers have used self-assembly to form millimeter-sized objects by using the principles of shape-complementarity ("lock and key") and the mutual attraction of hydrophobic surfaces in a hydrophilic environment. The forces driving the assembly are gravitational (parts fit into the grooves as they are tumbled), but the assembly process relies on reversible hydrophobic interactions that lead to the minimization of surface free energy. Ordered arrays of blocks, three-dimensional solid shapes, and even a functioning light-emitting diode circuit have been formed using this technique. 18 Another example of such a device is a molecular transistor constructed from a carbon nanotube resting on a silicon test bed. The silicon provides the source, the control, and the sink, and the device acts as a field-effect transistor.
Another elegant example is the use of DNA to template the deposition of fine molecular wires, where the assembly of the DNA then directs the silver wire deposition. One example of this is the reported assembly of gold nanoparticles into macroscopic aggregates. 19 In this experiment, noncomplementary DNA oligonucleotides capped with thiol groups were bound to colloidal 13-nm gold particles. Addition of an oligonucleotide strand of duplex DNA with complementary "sticky" ends led to self-assembly of the gold particles into well-defined aggregates. The assembly process was reversible through thermal denaturation.
MEMS and Biofragments.
Another application of this concept would be to extract intact biofragments and attach or connect them to an activated, photolithographically prepared surface. The signal inputs from the surface could activate the biostructures. The marriage of biomolecules and MEMS devices could be the key to new smart materials. One example is a light-transducing protein called bacteriorhodopsin (BR), which is found within the purple membrane of the salt-water marsh microorganism Halobacterium salinarium. BR undergoes a two-photon absorption, causing a color change from purple to yellow. Moreover, this protein has several characteristics that make it desirable for optical applications, such as the existence of two controllable states, long-term thermal and photochemical stability, rapid photochemical response (5 ps), and high quantum yields for both forward and reverse reactions. Researchers have investigated the feasibility of casting BR into oriented thin films for the fabrication of three-dimensional optical-memory systems. 20 The use of small biofragments such as BR holds the potential for storing incredible volumes of information. 
Microchemistry: Synthesizing Macromolecules on Location and in the Right Conformation
It has already been pointed out that selfassembly of large, nonrigid structures becomes prohibitive because of entropic considerations. Self-assembly could be significantly extended if the assembly unit were synthesized in a conformation that is predefined for assembly and that takes place at the assembly point. This will keep the disorder to a minimum and will closely follow the process observed in biological systems. Specially designed surfaces that can template the reaction and maintain the correct conformation would make this a reality.
Next Steps
Major breakthroughs are predicted to take place at the interfaces of disciplines. Photolithography and related techniques have made remarkable progress in reducing the size of structures to the degree that Feynman's charge of building small structures has been exceeded. However, it appears that 0.03 m is the practical physical limit for the construction of devices by this technique.
A wish list of self-assembling structures would consist of a whole array of molecular assemblies that could be templated on the surface of these photolithographic devices. Chemistry at the interface between the photolithographic surface and the selfassembly surface would allow control of these devices via the silicon chip and yet bridge to chemical signaling, which is required for chemical or biochemical applications. In a similar vein, tiny silicon structures can be used to template the formation of polymers in controlled conformations and extend self-assembly to much larger size regimes.
